Abstract Although soil biochemical properties are considered to be good indicators of changes in soil quality, few studies have been made of the changes in biochemical properties brought about by anthropogenic disturbance of grassland ecosystems. In the present study, several biochemical properties were analysed in 31 grassland soils subjected to a high level of management, and the values obtained were compared with known values corresponding to native grasslands from the same region (Galicia, NW Spain). The 31 managed grasslands were divided into two groups (re-sown grasslands and improved grasslands) according to their management and past land use. The biochemical properties studied were: labile carbon, microbial biomass carbon, microbial respiration, metabolic quotient, net nitrogen mineralisation and the activities of dehydrogenase, catalase, phosphodiesterase, phosphomonoesterase, casein hydrolysing proteases, benzoyl arginamide (BAA)-hydrolysing proteases, urease, cellulase, ß-glucosidase, invertase and arylsulphatase. Managed grasslands exhibited lower values of soil biochemical properties than native grasslands. Three biochemical equilibrium equations were used to compare soil quality in managed and native grasslands. One of the equations did not show any significant difference between the groups of grassland soils considered. In contrast, two of the equations showed similar soil quality for improved and native grasslands, while resown grasslands exhibited a loss of soil quality when compared to native grassland soils.
Introduction
Anthropogenic land management is one of the main causes of soil degradation, and there is, therefore, worldwide interest in quantifying the loss of soil quality resulting from agricultural operations (Dick 1992) . As indicated recently (Gil-Sotres et al. 2005) , there are two basic requirements for the correct evaluation of soil quality. Firstly, properties used to evaluate soil status must be established. Although some authors consider that soil physical and chemical properties may be used, biochemical properties are generally preferred (Dick 1992) because they are more sensitive and respond more quickly than physical or chemical properties to the effects of management practices (Nannipieri et al. 2002) . Furthermore, biochemical properties can be determined rapidly and easily in the laboratory (Nannipieri et al. 2002) . However, individual biochemical properties are of limited use as soil quality indicators (Nannipieri et al. 1990; GilSotres et al. 2005 ) because soil processes cannot be reflected adequately by the measurement of individual properties. At present, it appears that the use of equations which include several biochemical properties reflect better the complexity of the soil system. This has been proposed as a suitable and accurate method of evaluating soil quality (Nannipieri et al. 2002; Gil-Sotres et al. 2005) . Secondly, the soil that represents the maximum quality must be established so that relevant comparisons can be made.
Generally, two approaches are used. The first one is to consider that the maximum quality is that of a soil in equilibrium with all the components of the environment, i.e. a climax soil developed under climax vegetation, the second option is that of a soil capable of maintaining high productivity and causing the minimum of environmental problems. Using the first approach for forest soils, soils under climax ecosystems have been usually used for comparative purposes . Using a reference soil could be problematic when evaluating soil quality in managed ecosystems (arable and grassland soils). In the case of managed grassland soils, native grassland soils (with no or minimal human intervention) should be used as reference soils, as grassland ecosystems have very different soil microclimates and organic matter dynamics than forest soils, which results in different values for soil biochemical properties (Saviozzi et al. 2001) .
Herbaceous vegetation constitutes a quarter of Earth's land surface (Snaydon 1981) . Only some of these areas correspond to natural conditions, whereas most have been converted from forest or from shrubland to managed grasslands, with the application of large amounts of fertilisers to the land. Until recently, these types of management practices were considered essential and were justified by the highly productive soils created. However, it is now considered that management practices must favour recycling of nutrients to minimise the use of external inputs and must also promote conservation of biodiversity (Yeates et al. 1997) . Management practices involving the use of large amount of fertilisers, ploughing and periodic reseeding can cause soil degradation (Dick 1992) . Thus, it has been proved that grassland management results in decreased soil organic matter contents (Sparling and Schipper 2004) and specific studies carried out in the United Kingdom (Lovell et al. 1995) and in the Alps (Zeller et al. 2001 ) have showed that intensive-managed grasslands support smaller populations of microbes than native grasslands soils; alterations that are supposed to reflect a diminishing of soil quality. Sensitivity of soil biochemical properties to management suggests the possibility of using such properties as indicators of soil quality in grassland ecosystems, similarly as used in other ecosystems [see, for example, Masto et al. (2007) for crops or Trasar-Cepeda et al. (1998) for forests]. It is noteworthy that although soil biochemical properties are considered to be sensitive indicators to assess soil quality, only a few equations that estimate soil quality from soil biochemical properties are available, as reviewed by Bastida et al. (2008) .
The aim of the present study was to characterise the biochemical properties of managed grassland soils in Galicia and to compare their values with those of native grasslands located in the same region (Paz-Ferreiro et al. 2007) . This comparison will allow us to determine the degree to which grassland management causes changes in the biochemical status of the soils, and, where changes have occurred, to evaluate their importance. For this purpose, several general soil biochemical properties and also some soil enzymatic activities were selected for the analysis, based on their importance in nutrient cycling and organic matter decomposition and also because of being widely used by other researchers.
Materials and methods

Soils
Galicia (NW Spain) has a temperate humid climate with an average temperature of 14.4°C and an annual average rainfall of 1,405 mm. Herbaceous vegetation covers approximately 12.5% of Galicia. It is estimated that 65% of Galician grasslands are not native. The botanical community in these grasslands is dominated by Lolium multiflorum Lam. and Trifolium repens L. (Fraga et al. 2002) . Two types of managed grassland soils that differ in terms of past land use were considered in our study: improved grasslands and re-sown grasslands. The improved grasslands have been under grassland use for, at least, the last 100 years, whereas the re-sown grasslands were originally forests which have been cleared 30-40 years ago. The management practices used in both types of grasslands include liming to correct their pH, periodic reseeding (annually for re-sown grassland and after several years for improved grasslands) using surface ploughing (15 to 20 cm depth), as well as periodic fertilisation, with cattle slurry (for the improved grasslands) and inorganic fertilisers (for the re-sown grasslands). The amount of amendment used is around 150 kg N ha −1 as cattle slurry for the improved grasslands and around 150 kg ha −1 of NPK 15-15-15, as inorganic fertiliser in the case of re-sown grasslands. In the present study, 31 managed grassland soils throughout Galicia were analysed. Sixteen of these correspond to re-sown grasslands and 15 to improved grasslands. Tables 1 and 2 indicate the location and parent material of the soils sampled. Samples were collected during the spring of 2005 in late March, April and early May, before soils were managed or fertilised. At each site, samples were obtained (with a shovel) from the top 10 cm of the upper horizon at 10-15 points distributed uniformly over an area of approximately 1 ha. Samples from a given site were pooled in the field to obtain a composite sample representative of that site and transported in isothermal bags to the laboratory and then sieved (<4 mm). Moisture contents were determined on the day of collection. A sub-sample of the soil was air-dried to ascertain general soil properties, and the remaining soil was stored at 4°C before biochemical analyses. All biochemical analyses were carried out within two weeks of soil collection. The utilisation of the same sampling procedure and the same sampling period as in a previous study (PazFerreiro et al. 2007 ) allowed us to make valid comparisons between the soils described here and those of native grasslands.
Soil physical and chemical properties
Total organic C (wet oxidation) and N (Kjeldahl digestion) contents and pH in 1 m KCl (1:2.5 soil: solution ratio) were determined following the methods described by Guitián and Carballas (1976) . Available P was extracted with 0.5 m sodium bicarbonate (pH 8.2), according to Bowman and Cole (1978) , and inorganic P in the extracts was determined according to Murphy and Riley (1962) . Amorphous Al and Fe were extracted with 0.2 M ammonium oxalate/oxalic acid buffer of pH 3.0 (Guitián and Carballas 1976) and were determined by atomic absorption spectrometry. Particle size distribution was determined with a Robinson pipette using Calgon as dispersant (Guitián and Carballas 1976) .
Microbial biomass carbon, basal respiration and nitrogen mineralisation
Microbial biomass C was determined by the chloroform fumigation-extraction method by using K 2 SO 4 as extractant and a ratio of soil:extractant of 10:40 (Vance et al. 1987) . The organic C of extracts was estimated by oxidation with potassium dichromate (Vance et al. 1987) . The difference in C content of the fumigated and unfumigated extracts was converted to microbial biomass C (expressed in mg kg −1 of dry soil) applying a factor (K c ) of 0.45. The C extracted with K 2 SO 4 from the unfumigated samples was used as a measure of the labile pool of C (Haynes 2005) . Soil basal respiration was determined by static incubation (Guitián and Carballas 1976) . The CO 2 produced during a 10-day period by 25 g soil samples incubated at field moisture content at 25°C was collected in 10 ml of a 1-M NaOH solution, which was then titrated against HCl with an automatic titrator.
To determine net N mineralisation, 10 g soil samples were extracted for 30 min with 50 ml of 2 M KCl before and after incubation for 10 days at 25°C at field moisture content. Total inorganic N was determined in the extracts by Kjeldahl distillation (Bremner 1965) . Net nitrogen mineralisation (mg kg −1 10 days −1 ) was calculated as the difference between the values obtained before and after incubation.
Enzymatic activities
The activities of oxidoreductases (dehydrogenase and catalase) and hydrolytic enzymes of the C (cellulase, β-glucosidase and invertase), N (casein-protease, BAAprotease and urease), P (phosphodiesterase and phosphomonoesterase) and S (arylsulphatase) cycles were determined. The methods used to determine specific biochemical parameters are shown in Table 3 . All enzyme activities were determined in triplicate.
Soil quality indexes
To assess soil quality, several equations that are assumed to give indication of biochemical equilibrium in unaltered soils were used:
a. Trasar-Cepeda et al. (1998) index: these authors chose a series of soils covered by climax vegetation in Galicia (the same region as in our study) and established an equation to define total N from several microbial parameters (microbial biomass C, mineralised N, acid phosphomonoesterase, β-glucosidase and urease activities; Eq. 1). With the resulting equation, they found that there was a balance between total N and several biochemical parameters.
where:
-Total N is expressed as percentage, microbial biomass C and mineralised N as mg kg −1 and the enzyme activities in μmol of liberated product g
This model points to the closeness or nearness to an ideal quality state in the chosen soils, for which they used the quotient between the N estimated by the model (Nt) and the total N calculated by the Kjeldahl method (Nr). The equation was tested in soils contaminated by heavy metals, in mine soils and in arable soils . The ratio 100 Nt/Nr enables quantification of the degree to which soil biochemical status differs from biochemical equilibrium. Soils with biochemical equilibrium should have a Nt/Nr ratio equal to 100 and values far from 100 represent degraded soils.
b. Puglisi et al. (2006) index: these authors developed an index (AI 3) of soil quality which was validated using 17 previous data sets. AI 3 was able to discriminate between control soils and soils polluted by heavy metals, soils under intensive agricultural systems, soils contaminated from tannery and landfill effluents and eroded soils. Puglisi et al. (2006) found that the low values of AI 3 indicated the better soil. For this index, soil quality was estimated comparing the total carbon content measured by dichromate oxidation (Cr), with the total carbon content estimated from Eq. 3. Soils with biochemical equilibrium should have a Ct/Cr ratio equal to 100. This expression has never been validated and has, so far, only been used for native grasslands, but, the wide range of organic matter and the large number of soils used for calibration (total carbon in the 29 native grassland soils ranged from 2.2% to 15.1%) suggest that the model is also applicable to managed soils, as they present a similar range of total C contents.
Statistical analysis
All statistical analyses were performed with SPSS version 15.0. Differences between means were tested by analysis of variance (ANOVA) using soil management as a factor. Variables were log-transformed when it was required to meet requirements of ANOVA (normality and heteroscedasticity of errors).
Results
The most significant finding as regards the differences between managed and native grasslands was the lower organic matter content in the former (Table 4) , especially in the case of re-sown grasslands. Native grasslands had an average C content of 5.70±2.90%, improved grasslands of 5.26±2.00% and re-sown grasslands of 3.32±1.20%. The difference in C content was only statistical significant in the case of re-sown grasslands. Extractable P was higher in the managed grasslands (60±9 mg kg −1 for improved grasslands and 54±10 mg kg −1 for re-sown grassland) than in the native grasslands (19±7 mg kg
), reflecting the effects of fertilisation. The managed and native grasslands have similar clay and sand content and pH values.
It is important to note that, generally, soil biochemical properties were lower in managed grasslands in relation to native grasslands (Table 5) . On the whole, re-sown grass- lands exhibited even lower values of biochemical properties than both improved and native grasslands. However, when the values for the biochemical properties were expressed in terms of organic C content, the mean values for native and anthropogenic grasslands were generally very similar (Table 6 ) and for most of the properties there were no significant differences for the three groups of grassland soils. Correlations between biochemical properties were similar in both types of managed grassland soils. Total C and N were both closely correlated with most of the biochemical Table 6 Values of the biochemical properties, expressed as unit of total carbon content (TC), of the native grassland soils, the improved grassland soils and the re-sown grassland soils (mean±standard deviation and range of variation) under study For the same property different letters indicate significant differences (P<0.05). a g 100 g Fig. 1 Soil quality in Galician grassland soils according to three different soil quality equations
properties. The properties that were least correlated with others were BAA-protease, urease and cellulase activities. Figure 1 shows the values of Nt/Nr, AI 3 and Ct/Cr calculated by Eqs. 1, 2 and 3, respectively. Using Eq. 1, we obtained Nt/Nr values of 93±27 for native grasslands, 81± 22 for improved grasslands and 88±23 for re-sown grasslands. According to Eq. 2, native grassland soils exhibited an AI 3 value of −50±35. This value was −37±6 for improved grasslands and −29±12 for re-sown grasslands. According to Eq. 3, the mean values of Ct/Cr were 100±10 for native grasslands, 87±22 for improved grasslands and 126±21 for re-sown grasslands.
Discussion
General and biochemical properties
The lower organic matter content in managed grasslands relative to native grasslands is consistent with other studies (see, for example, Nsabimana et al. 2004 ) and could be due to the action of two basic factors. Firstly, grassland management is associated with a decrease in root exudates (Mawdsley and Bardgett 1997) due to decreases in the amount of root mass brought about by the use of inorganic fertilisers (Stewart and Metherell 1999) . Secondly, the effect of ploughing in managed grasslands increases soil aeration and breaks soil aggregates (Gupta and Germida 1988) , which causes greater physical exposure of organic matter to the atmosphere, thereby favouring the microbial degradation of soil organic matter (van Veen and Paul 1981) .
It is important to underline that the re-sown grassland soils contained lower amounts of organic matter than both improved grassland soils and native grasslands. This can be attributed to the clearing of pre-existing forest vegetation cover in re-sown grasslands. Clearing has been associated with rapid mineralisation of the organic matter pool (Okore et al. 2007 ), although cultivation also dilutes soil C because it leads to mixing of subsoil with a relatively low organic matter content and surface soil with a higher organic matter content (Gregorich et al. 1998 ). However, the C/N ratios were similar in all three types of grassland studied, which suggests that the loss of carbon and of nitrogen occur at the same rate in managed grassland soils, regardless of soil management.
Microbial biomass of managed grassland was lower than in native grasslands (Table 5 ). This decline could be attributed to a reduction in microhabitats generated by the loss of organic matter. Enzyme activities were lower in managed grasslands than in native grasslands. This decrease of enzyme activities was the highest in re-sown grassland soils, probably due to a more often use of ploughing than in improved grasslands or to reduced litter input and changes in soil climate after clear-cutting of the pre-existing forest soil, as suggested in other studies (Tan et al. 2008) .
Phosphomonoesterase and casein-protease activities were lower in the re-sown grasslands than in the native grasslands. It is known that the application of large amounts of inorganic phosphorus to grasslands may restrict synthesis of phosphomonoesterases (Nannipieri et al. 1978) . The effect of inorganic N on proteases is less clear, although some studies suggest that it may have a similar effect on casein-protease (Dick 1992) . However, as the decrease in both enzyme activities was similar to that found for organic matter content, it is possible that the reduction in enzymatic activity may be largely due to the loss of organic matter that occurs in these grassland soils. The reduction in enzyme activity is caused by organic matter decrease and it is due to a direct effect due to the presence of organo-enzyme complexes, and an indirect effect of organic substances due to their stimulation of microbial activity, and thus to enzyme activities.
When the values for the biochemical properties were expressed in terms of organic C content, the mean values for native and anthropogenic grasslands were very similar and, generally, their average values were not significantly different (Table 6 ). This shows that the same factors that cause the reduction in the organic matter content in managed grasslands also generate lower biochemical activity.
Interestingly, managed and native grasslands did not exhibit significantly different values of qCO 2 , although higher values of this property have been reported for managed ecosystems (Insam and Domsch 1988) .
In conclusion, our results indicate that grassland management generates a quantitative change in soil biochemical properties, when compared to native grasslands. These changes in biochemical properties were more apparent in re-sown than in improved grasslands and relate very strongly to total organic C, as evidenced by the data in Table 6 . This implies that forest clearing for grassland establishment has had a stronger impact on soil biochemical properties than intensive grassland management.
Correlations between properties: principal component analysis
Correlations between total N content and each of the different biochemical properties were generally higher than those between total C content and soil biochemical properties, which is in contrast to recent findings for native Galician grasslands (Paz-Ferreiro et al. 2007 ). Furthermore, for improved grassland soils, microbial biomass was related to neither total C nor total N, which suggests that the organic matter in these soils no longer played a predominant role in determining the size of the microbial populations (Carter et al. 1999) . Moreover, many of the biochemical properties measured in the present study were significantly related to each other, as also reported by Ross et al. (1995) and Banerjee et al. (2000) for other grassland soils.
In order to clarify the structure of the interdependence between properties in the managed grasslands, principal component analysis (PCA) was applied to the data corresponding to all the soil properties studied (Table 7) . The structure of PCA for re-sown and for improved grasslands differed from that corresponding to native grassland soils (Paz-Ferreiro et al. 2007) , which suggests that managed grasslands have undergone qualitative changes in their biochemical properties. The two first principal components in the three groups of soils considered are shown in Fig. 2 . Native grassland soils (Paz-Ferreiro et al. 2007 ) have a high interdependence between organic matter and biochemical properties and among biochemical properties, but, in contrast, managed grasslands exhibit less interdependence among these properties (Fig. 2) . The PCA analysis shows that the more intensive the management the more dispersed the cluster of properties.
Our results suggest that anthropogenic management not only causes a decrease in soil organic matter and in soil biochemical properties, but also changes in the relationships among biochemical properties. In other words, grassland management generates both qualitative and quantitative changes in the biochemical status of the soil.
Changes in the biochemical equilibrium of the soil caused by intensive grassland management: evaluation of soil quality
The three equations utilised resulted in different information about soil quality. Thus, using Eq. 1, we obtained Nt/ Nr values of 93±27 for native grasslands, 81±22 for improved grasslands and 88±23 for re-sown grasslands (Fig. 1) . Hence, Eq. 1 was unable to distinguish the effect of management on soil biochemical quality among the three types of soils (P<0.05), which would appear to contradict our finding that managed grassland soils showed quantitative and qualitative differences in their biochemical properties (see above "Discussion" section). These divergences (Saviozzi et al. 2001) , especially for enzymes involved in the N cycle (PazFerreiro et al. 2007 ). According to Eq. 2, native grassland soils exhibited an AI 3 value of −50±35 (Fig. 1) . This value was −37±6 for improved grasslands and −29±12 for re-sown grasslands. A problem in using this equation to evaluate soil quality is that Puglisi et al. (2006) did not define any threshold value and, indeed, they found that reference soils exhibited AI 3 values from −350 to −47, while AI 3 could range from −180 to −94 for eroded soils and from −166 to 12 in hydrocarbon polluted soils. In our work, we also found high data variability, with values ranging from −169 to −1 for native grasslands, from −53 to −17 for improved grasslands and from −50 to −14 for re-sown grasslands. Although AI 3 values for native grasslands are lower than for intensive grasslands (which implies higher soil quality in the former than in the later), the values obtained are not significantly different (P <0.05). Most importantly, our results also showed that native grasslands and re-sown grassland soils exhibit statistically significant different values of AI 3. Equation 2 seems to be useful for assessing soil quality in temperate grassland ecosystems and suggests that re-sown grassland soils are degraded in comparison with native grassland soils, while improved grasslands have a similar quality to those of native grasslands. This result seems to be consistent with two findings discussed above: (1) in comparison to native grasslands, re-sown grassland soils appeared to have suffered a loss of biochemical activities; and (2) managed grasslands (especially re-sown grassland soils) appear to exhibit a qualitative change in their biochemical properties.
According to Eq. 3, the mean values of Ct/Cr were 87± 22 for improved grasslands, 100±10 for native grasslands and 126±21 for re-sown grasslands (Fig. 1) . The mean values of Ct/Cr ratio differed significantly (P <0.05) between re-sown grassland soils, on one hand, and both, native grasslands and improved grasslands, on the other. It is noteworthy, that, as found for Eq. 2, the values for resown grassland differed from those of native grasslands.
The results obtained with Eq. 3 indicate that many managed grasslands in Galicia have adequate levels of biochemical activity, as they have Ct/Cr values between 85% and 115%. This represents a variation in the real value compared with the calculated value of ±15%, a degree of dispersion that may be considered acceptable for studies based on soil biochemical properties (Paz-Ferreiro et al. 2007 ). This variation is in agreement with studies of soils subjected to minimal anthropogenic disturbance (native grassland soils).
Our data showed that 40% of the improved grasslands exhibited Ct/Cr values lower than 85%, and that 44% of resown grassland soils exhibit Ct/Cr values higher than 115%, which suggests that the biochemical equilibrium characteristic of native grassland ecosystems has been altered in managed grasslands. These results are in accordance with the quantitative and qualitative changes found in soil biochemical properties, as discussed above, i. e. the biochemical properties exhibit substantially greater divergence in re-sown than in improved grasslands, when compared to native grasslands.
Our results suggest that some of the improved grasslands are suffering a loss of soil quality, probably due to a slowing of the biogeochemical cycling of elements. The data also suggest that in this type of soil, the microbial pool is more sensitive to intense management than the organic matter pool, as the former diminishes faster than the latter. For the re-sown grasslands, our results suggest that some of the soils have high microbiological and biochemical activity ). This transitory state may be explained by the effect of fertilisation on soil biochemical properties, which may lead to higher values of enzyme activities with respect to organic matter content (Simek et al. 1999) .
In summary, our findings suggest that the biochemical equilibrium characteristics of native (mature) grassland ecosystems have been altered in managed grasslands, especially in re-sown grassland soils, and suggest that managed grasslands are suffering a loss of soil quality. Two biochemical equilibrium equations have proven to be useful for measuring the loss of soil quality in temperate grassland ecosystems. Equations 2 and 3 showed lower soil quality in re-sown than in native grasslands. Moreover, Eq. 3 was found to discriminate between the Ct/Cr values of improved and re-sown grassland soils, producing a different range of values for each type of soil.
Conclusions
Lower biochemical activity was found in managed grasslands compared to native grasslands. This change is linked to a lower organic matter content in the former. Biochemical equilibrium indexes proved to be useful in evaluating soil quality in temperate grassland soils. Two independently obtained soil quality indexes (AI 3 and Ct/Cr) proved to be useful in assessing soil quality in temperate managed grasslands. Re-sown grasslands have been proved to have lower soil quality than other types of grassland soils. Our study points out the importance, from a soil quality perspective, to establish managed grasslands, where possible, on previous grasslands, rather than through forest clearcutting.
